Fiber optical parametric amplifiers (OPAs) are based on the third-order nonlinear susceptibility of glass fibers. If two strong pumps and a weak signal are fed into a fiber, an idler is generated. Signal and idler can grow together if pump power is high enough, and phase matching occurs. Until recently, impressive performance of fiber OPAs has been demonstrated in different respects. However, secondorder effects should be addressed before OPAs can be utilized in practical applications. Here we report some of these effects, either exploiting them as in the parametric processor such as optical logic gates, inverted and non-inverted wavelength converter, and ultra-wideband monocycle and doublet pulses generator, or suppressing them as in the optical amplifier for WDM systems.
INTRODUCTION
In recent years, impressive performance has been demonstrated by the author's research group and different researchers in fiber OPAs in several respects: 1) Gain in excess of 60-dB has been obtained [1] [2]; 2) fiber OPAs can exhibit a large variety of gain spectra: a gain bandwidth of 400-nm or beyond has been demonstrated [xx] ; tunable narrowband gain regions can also be generated [3] ; 3) Noise figure of 3.7-dB [4] , limited by other third-order nonlinear process [5] ; 4) Polarization-insensitive operation in both one-pump [6] and two-pump configurations [7] ; 5) Due to the inverted spectrum of the idler with respect to that of the signal; thus by placing an OPA in the middle of a fiber span one can realize midspan spectral inversion (MSSI) which counteracts the effect of fiber dispersion and some nonlinear effects [8] . Besides using fiber OPA in continuous-wave regime as in typical systems, pulsed-pump has also been demonstrated to achieve larger bandwidth and higher peak gain by combining with optical filtering technique [9] . Furthermore, by modulating the pump it is possible to modulate signal and/or idler at the output. This can be used to implement a variety of signal processing functions, including: fast signal switching; demultiplexing of time-division-multiplexed signals [10] ; retiming and reshaping of waveforms [11] ; optical sampling [12] [13] .
However, second-order effects should be addressed in order for fiber OPAs to be useful in communication applications. In multi-wavelength systems, these are: four-wave mixing (FWM), crossphase modulation (XPM); and cross-gain modulation (XGM) between signals [13] . Furthermore, the pump-to-signal relative intensity noise (RIN) transfer and frequency/phase modulation (FM/PM) to signal intensity conversion are also potential challenges for practical fiber OPAs [14] . In particular the signal crosstalk due to the FWM and XGM effects, which have shown to be the constraints of using fiber OPAs in wavelength-division multiplexing (WDM) systems [15] . On the other hand, one can leverage on the peculiar performance of fiber OPAs by achieving some optical signal processing functionalities with appropriate designs as shown in this paper.
SUPPRESSION OF SECOND-ORDER EFFECTS
Previous work has shown that this kind of degradation is already severe even with only three WDM channels in one-pump OPA (1P-OPA) system [15] . It was also shown that unequal channel spacing slightly improves the degradation. However, the XGM effect still provides a basic detrimental effect when using OPA in WDM systems, mediated through the depletion of the pump(s) as shown in Fig. 1 . Only channel #1 (O 1 ) is shown with intensity-modulation (IM) for clarity. Also note that the corresponding idlers for all four channels (O 1 -O 4 ) have not been shown here for simplicity. The signal (O 1 ) is amplified by the parametric gain (with pump wavelengths at O p1 and O p2 ). As it grows, it draws power away from the pump(s), because the total optical power remains constant. As a result, the pump power itself now has IM and all channels #2 -#4 will exhibit slightly different gains at different times, depending on whether they travel with a depleted part of the pump, or an undepleted one. As a result, the amplified channels #2 -#4 will themselves exhibit IM, which constitutes crosstalk. If we now consider that channels #2 -#4 are replaced by independent modulation signals, it is clear that their amplitudes will experience fluctuations due to XGM crosstalk induced by the first channel and vice versa, which will lead to deterioration of their qualities. Furthermore, the spurious FWM also lead to extra signal quality degradation. Similar signal degradation can also be observed in two-pump OPA (2P-OPA), which provides an extra degree of freedom, such that a flattened gain spectrum can be achieved by trading with the gain bandwidth [16] . Fig. 1 Illustration of the signal quality degradation of WDM system due to XGM and FWM effects in a 2P-OPA. Fig. 2 Schematics of (a) Co-polarized (COPO); (b) polarization-interleaving (POIN) 2OP-OPA system [18] .
In addition to the flattened gain spectrum can be achieved by 2P-OPA, the two-orthogonal-pump OPA (2OP-OPA) has been demonstrated to be polarization-independent [7] . Preliminary results have also been confirmed that it is effective in suppressing nonlinear crosstalks with co-polarized (COPO) WDM channels [17] with the configuration as shown in Fig. 2(a) . Furthermore, by using polarization-interleaving (POIN) WDM channels as shown in Fig. 2(b) , the signal quality can further be improved [18] . We performed experiments to verify these predictions.
The typical experimental configuration is shown Fig The polarization controllers, PC1 and PC2, aligned the pump SOP's with PM, which helped to reduce the insertion loss. Pumps #1 and #2 were then amplified by two separate EDFAs, with maximum output power of 21 dBm each, and they were combined with odd (#1, #3) and even (#2, #4) channels by 95/5 couplers, respectively. The two branches were then combined with a polarization beam-splitter (PBS). Furthermore, polarization controllers (PC3 and PC4) were used to ensure that the two pumps incident on the HNL-DSF are orthogonal. Similarly, PC7 and PC10 were used to maintain orthogonal SOPs between odd and even channels. We used 4 WDM channels (DFB1-4, with odd and even channels orthogonal to each other) with spacing of 100 GHz, as signals to determine the signal quality degradation. Each signal was intensity-modulated by a 10 Gb/s PRBS. They were de-correlated by 2 km of dispersion-compensating fiber (DCF). We measured the eye diagrams and bit-error rate (BER) using the digital communication analyzer (DCA) and BER tester at the output of HNL-DSF. The results are shown in Fig. 4 , which showed about 2dB improvement in sensitivity of the case POIN signals. [18] .
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1.E-02 Besides pursuing pumps configuration to suppress nonlinear crosstalk, reduction by using different modulation formats has also been shown to be effective. For example, return-to-zero differential phaseshift keying (RZ-DPSK) modulation format, which the signal power level is constant, should be effective in suppressing XGM-induced crosstalk. The typical experimental setup is similar to the one shown in Fig. 3 except that the modulation part has to be modified, depending on the modulation format. The eye diagrams of RZ-DPSK and OOK signals before and after OPA amplification are shown in Fig. 5(a)-(d) . As depicted from the eye diagrams, the OPA amplified RZ-DPSK signal remained almost undistorted while OOK signal suffered from severe distortion after OPA amplification. The reduced eye opening of received RZ-DPSK signal could be accounted by slight phase modulation to intensity modulation (PM-IM) conversion of pump due to the drift of pump laser center wavelength from the center wavelength of band-pass filter TBF, and ASE noise. Besides distortion due to PM-IM conversion of pump and ASE noise, XGM caused the most severe distortion in OPA amplified OOK signals, which resulted in multiple mark levels of signal as shown in the Fig. 5(d) . Furthermore, we extended the proof-of-principle demonstration with four WDM channels with 200 GHz channel spacing to eight 10 Gb/s channel with 100 GHz channel spacing. As shown in Fig. 6(a) , the Q-factor penalty of RZ-DPSK signal was reduced by 2.4 dB (on average) comparing to RZ-OOK counterparts.
To quantify the robustness of RZ-DPSK modulation format with multiple channels coexisting at the input to OPA, we have also measured the Q-factor penalty at channel #1, #4 and #8 versus number of input channels and the results are shown in Fig. 6(b) . As from the plot, the variation of Q-factor with different number of channels for RZ-DPSK signals was significantly less than the variation for RZ-OOK signals. From this result it can be deduced that the crosstalk amongst RZ-DPSK modulated channels was lower than its RZ-OOK counterpart. Moreover, as the penalty for RZ-DPSK signal was essentially the same for single channel and multiple channel inputs, we believe that FWM-induced crosstalk was insignificant, and the major source for the crosstalk experienced by RZ-OOK signal was XGM. In addition to our research efforts, various groups also pursue in suppressing the signal crosstalk [20] [21].
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UTILIZATION OF SECOND-ORDER EFFECTS
Turns out some of the detrimental second-order effects in fiber OPA are like the double-edge sword, which can be utilized for optical signal processing functionalities that are not available by conventional techniques. For example, pulsed-pump OPA has been utilized to generate 40-GHz pulse (or even higher speed) [22] , as clock generators [13] . Some of the research efforts pursued by our research group will be described here as follows.
Firstly, all-optical XOR-, OR-, NOT-, and AND-gate were demonstrated for 10 Gb/s RZ-OOK signals using a single experimental setup. Typical results are shown in Fig. 7 , which depicts the bit patterns at both the input and output, which demonstrate the operating principle. The bit patterns for the AND-gate and the XOR-, OR-and NOT-gate are separated into two different diagrams since different power and different wavelengths were used. The operating principles of these logic gates based on pump depletion (XGM) and FWM. This setup can be set to generate different logic by altering input power, state-of-polarization, center frequencies of input optical signals, and/or input bitstreams. Full-width at halfmaximum (FWHM) pulsewidth of the input and the output signals were less than 5.1 ps in all cases showing a possibility of higher data rate operation at 80 Gb/s or beyond [23] . In addition, we proposed another scheme, using a 2P-OPA, to achieve both inverted and non-inverted all-optical wavelength conversion [24] . The operating principle is again based on the utilization of the XGM of the pump as shown in Fig. 8 . An intensity-modulated (IM) signal (O signal ) is amplified by the parametric gain (with pump wavelengths at O p1 and O p2 ). As it grows, it absorbs power from the pumps, while the total optical power remains constant. As a result, the pump power now has IM. Consider a probe (O probe in Fig. 8 ) without initial IM, traveling with pump and signal, it will exhibit different gains at different times, depending on whether it travels with a depleted part of the pump [25] , or an undepleted one. The amplified probe will therefore exhibit IM, which is an exact inverted version of the input signal. Efficient gain modulation can be expected since large pump depletion is achieved in OPA. The probe, which is simultaneously fed into the OPA, is modulated by the gain modulation and becomes a converted signal whose amplitude modulation is inverted with respect to the original signal.
Furthermore, there is another newly generated wavelength, idler (O idler as in Fig. 8) , which is the noninverted version of the input signal, except that the wavelength has been converted. Therefore, a simultaneous all-optical inverted and non-inverted wavelength conversion using a single-stage fiber OPA can be achieved. Note that there is another newly generated wavelength, O p_idler , which is the inverted version of the input signal (O signal ), thereby broadening the range of possible output wavelengths. Experiments have confirmed that the signal at 1554 nm could be flexibly converted to the C-band (1532-1556 nm) with an extinction ratio (ER) between 7 and 14 dB. Noted that the similar scheme can be extended to all-optical wavelength conversion and multicasting for a 10 Gb/s NRZ system with 100 GHz channel spacing. Multicasting is another potentially useful networking function. It involves routing the same data stream from a single node to several destinations, commonly implemented via IP digital routers in electrical domain [26] . Another group has pursued different approach but similar idea in 2P-OPA for multicasting [27] . Fig. 8 Illustration of the inverted and non-inverted wavelength conversion due to XGM effect in a 2P-OPA configuration [24] .
Another interesting application of fiber OPA in microwave photonics is generating ultra-wideband (UWB) monocycle or doublet pulse using XGM in a single experimental setup [28] . The high-speed optical parametric process realizes the signal amplification, idler generation, and pump depletion simultaneously within femtosecond response time in the HNL-DSF. After the combination of the three lightwaves with a suitable time delay between them, UWB pulse is obtained. A selective generation of monocycle or doublet pulse can be made by altering the optical attenuators without changing the wavelengths or the powers of the pump and the signal. In our experiment, high-quality UWB monocycle and doublet pulses with a fractional bandwidth of 115% and 126% were generated, as shown in Fig. 9 and Fig. 10 . The similar concept can be extended into millimeter-wave UWB signal generation via frequency up-conversion [29] . Power spectrum of the corresponding generated monocycle pulse [28] .
CONCLUSION
Substantial progress has been made in recent years with the development of fiber OPAs. However, second-order effects should be addressed before OPAs can be practical. Here we report some of these effects, either exploiting them as in the parametric processor such as optical logic gates, inverted and non-inverted wavelength converter, and ultra-wideband monocycle and doublet pulses generator, or suppressing them as in the optical amplifier for WDM systems. We anticipate that further progress with high-power pumps, highly-nonlinear fibers with tailored dispersion properties, and SBS suppression techniques, fiber OPAs and related devices will find practical applications in areas such as high-power wavelength conversion, optical communications, optical signal processing, etc.
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